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A region of the genome of f?hdobacrer cups~~lum has been squenced and shown to encode proteins homologous to the ND1 subunit and the 
23 kDa subunit of the mitochondrial NADH:CoQ oxidorcductase (Complex I). The association of these two open reading frdmcs in the R cupsufurus 
genome parallels the organisation of the chloroplast gcnomc. It suggests that genes encoding subunits of the NADH:CoQ oxidoreductase must 
bc clustered in the genome of R. cupsulurus. 
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1. INTRODUCTION 
The NADI-I:CoQ oxidoreductase (Complex I) is the 
first complex of the mitochondrial respiratory chain. It 
catalyses electron transfer from NADH to ubiquinone 
QlO in a process coupled with an active efflux of pro- 
tons through the mitochondrial inner membrane. This 
enzyme is made-up of at least 35 subunits and contains 
one FMN cofactor and 4-6 iron-sulfur clusters (for a 
review see [l]). Seven of the subunits of the Complex I 
are encoded by the mitochondrial genome [2,3] while 
the remaining are encoded by the nucleus. Due to its 
high complexity, Complex I is the least understood of 
the mitochondrial respiratory complexes. Similar to the 
other respiratory complexes, the study of bacterial 
NADH:CoQ oxirloreductases may no doubt allow deci- 
sive progress in the understanding of the mitochondrial 
Complex I for the following reasons: (i) bacterial respi- 
ratory complexes are usually simpler than their mito- 
chondrial counterparts [4,5]; (ii) bacterial genome or- 
ganisation may allow faster progress in the cloning of 
the genes encoding the different subunits of the putative 
Complex I; (iii) bacteria llow for genetic studies hardly 
accessible with the mitochondrial enzyme. Actually, 
bacleFk present wo different ypes of NADH:CoQ ox- 
idoreductases (for reviews see [6,7]). The type-11 
NADHCoQ oxidoreductases show little relation with 
the mitochondrial Complex I; they are small dimeric 
enzymes with an associated FAD cofactor and no iron- 
sulfur clusters. On the other hand, the type-l 
NADH:CoQ oxidoreductases display a great similarity 
with the mitochondrial complex I [6]. The type-1 
NADH:CoQ oxidoreductase of non-sulfur a-purple 
bacteria such as A. capsulatus and Paracoccus den&$% 
cam is sensitive to rotenone [6,7] and shows EPR sig- 
nals very similar to those associated with the mitochon- 
drial Complex I [S-IO]. This enzyme has been purified 
from P. denirriJcans [1 11. The genes encoding two of its 
subunits were recently cloned and proved to be homol- 
ogous to the genes encoding the 24 kDa and the 
NADH-binding subunits of the mitochondrial Complex 
I [12,13]. In contrast, the type-1 NADH:CoQ oxidore- 
ductase of A. capsularus appeared resistant to purifica- 
tion and biochemical characterisation i7]. The firesent 
paper deals with the cloning and characterisation f two 
genes of R. capsulufus which encode proteins highly 
homologous to the ND1 subunit and the 23 kDa sub- 
unit of the mitochondrial Complex I. 
2. MATERIALS AND METHODS 
Corrcspoadcace address: A. Dupuis, Eaboratoire de Biochimie URA 
CNRS 1130, DBMS, Ccntrc d’Etudcs NuclCaircs dc Grenoble, BP 
85X, 38041 Grenoble Cede%, France. Fax: (33) (76) 88 5185. 
Gcnomic DNA was isolated from exponential cultures of R cupsu- 
Gurus strain BlO according to Marmur [14]. DNA fragments were 
cloned ir; phage M 13mpl S or in the bluescript phagcmids KS or SK’ 
(Stratagcne, USA). Polymerasc hain reaction @CR). Southern blot- 
ting and other genetic manipulations were done as described previ- 
ously [15,!6]. Generation of unidirectional deletions in the cloned 
DNA an< production of single strand DNA phagemids were realised 
according to the procedure described by Stratngene. DNA sequencing 
was performed using the Pharmacia T7 DNA polymerase kit. k- 
quenizs were compilcl?, andysed and compared to the protein SWISS- 
PROT and PIR (NBRF) databases using the computer programs 
pack;lge DNASTAR (DNASTAR. UK). 
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3. RESULTS AND DISCUSSION 
We have observed that the 23 kDa subunit of bovine 
Complex I displays ignificant similarities both with the 
chloroplast frxB proteins and with the bacterial 8Fe-8S 
ferredoxins [lS]. These observations allowed us: to de- 
sign degenerate oligonucleotides for the use as primers 
in a PCR experiment with R. capschtus genomic DNA 
template. The fbrward degenerate primer corresponded 
to the protein consensus equence ,,TI(H/Q/N)YP(Y/ 
F)E& deduced from comparison of the mitochondrial 
23 kDa with the chloroplast frxB proteins (numbering 
corresponds to the mitochondrial23 kDa protein). For 
the design of the reverse primer, we chose the protein 
sequence ,,,CPVDA(I/P),,, of the bovine 23 kDa sub- 
unit which shows a remarkable degree of conservation 
among bacterial 8Fe-8S ferredoxins. The product of the 
PCR was analysed by Southern blotting with the degen- 
crate probe PH23 designed after the conserved protein 
sequence ,,CIAC(EIK)(LN),z corresponding to the first 
iron-sulfur insertion site of the bovine 23 kDa subunit. 
The PCR product yielded a strong hybridisation signal 
and was cloned into M13mp18 and sequenced. In one 
of the six reading frames, the cloned DNA fragment was 
shown to potentially encode for a pcptidic sequence 
81% similar to the central part of the 23 kDa subunit 
of the mitochondrial Complex 1. This PCR product was 
Ksed as a probe to analyse different restriction digests 
of genomic DNA of R. cqshm (Fig. I). The 1.6 kb 
fragment obtained by double digestion with the en- 
zymes BnmHI-Hind111 and the contiguous 300 bp 
Hi/ldIII fragment which hybridised with the probe (see 
Fig. 1) were cloned in bluescript and Ml 3 vectors re- 
spectively. The initial PCR product overlapped both 
this short fragment and the BrrntHI-Hi/Id111 sequence 
thus giving a continuous DNA fragment 1849 bases 
long (Fig. 2). 
Taking into account he codon usage bias characteris- 
tic of Rhodospirillacea [17] the sequence of the cloned 
DNA was searched in both directions for open reading 
frames longer than 100 bases. Three potential coding 
frames (orf) were identified which displayed ribosome 
binding sites (underlined in the Fig. 2) upstream to their 
start codon [18]. As expected, the protein encoded by 
the open reading frame from base 1338 to base 1826 
proved highly homologous to the bovine 23 kDa sub- 
unit as well as the chloroplast frxB proteins (see Fig. 3). 
In view of the relationships with the 23 kDa subunit of 
mitochondrial Complex I and to be consistent with 
Lhe nomenclarure previously used for chloroplast rzdtz 
gents [I 51 we propose to call this gene n&i. The corre- 
sponding NDH-I protein is 163 amino acids long (M .W. 
18,848 Da). It is a ferredoxin-like protein characterised 
by the presence of ?wo sequence motifs of the form 
CxxCxxCxxxCP (Figure 3) typical of 4FeAS cluster 
insertions ites. Thus this protein and its mitochondrial 
counterpart must contain two of the 4-6 iron-sulfur 
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Fig. I. Strategy for the cloning and sequencing of the ttcfhA and n&l 
open reading frames. The initial PCR product potentially coding for 
a fragment of protein homologous to the mitochondrial23 kDa sub- 
unit was used as u probe to analyse the restriction digests of R. 
c.~rpsu/r~~rrr gcnome. This allowed us to design a restriction map of the 
region of the gcnomc surrounding the probe. WC cloned the 1.6 kb 
~r~~~~HI-+/ir~dlll an  the 0.3 kb HkdIIl fragmcms in Blucscript and 
M I3 vectors. respcctivcly (bold lines). The 1.6 kb fragment cloned in 
bluescript was sequentially deleted using the ExonucleaseIII-Mung 
Beun DBase deletion procedure. This allowed for the sequencing of 
quite the tolality of the inscrl on both strands (-+) using the universal 
Ml3 end T7 sequencing primers. One gap in the reverse strand se- 
qucncc was scqucnced using two specific primers, They arc indicated 
by the two boxed arrows (H). The letters on the restriction map 
correspond to the following enzymes: B. BunHI. E, ,QoRI, H. 
Hi~tdlII and P, Pstl. 
clusters identified in the mitochondrial and bacterial 
NADH:CoQ oxidoreductases. 
The second open reading frame (from base 1057 to 
base 1335) was termed 01-f I (Fig. 2). It potentially codes 
for a 93 amino-acid long hydrophilic protein (M.W. 
10,067 Da). The protein encoded by this orf displays no 
extended homo!ogy with any known protein of the 
SWISS-PROT and NBRF PIR databases or with 
known proteins of mitochondrial Complex I of simi!ar 
molecular weight. 
On the other hand, the third open reading frame 
(from base 17 to base 1051) corresponds to a 345 amino- 
acids long protein (M.W. 37,855 Da) homologous to the 
mitochondrial ND1 subunit or to the chloroplast NDH- 
A protein (see Fig. 4). Thus, this open reading frame 
should be named r?dltA, and the corresponding peptide 
should be called NDH-A. In mitochondria this protein 
is located in the hydrophobic subfraction of the Com- 
plex I [I]. It is embedded in the mitochondrial inner 
membrane and bears the binding site(s) for ubiquinone 
and rotenoid inhibitors 121:. 
The seven mitochondrial genss (ND1 to ND6 plus 
ND4L) and three nuclear genes coding for the 49 kDa, 
the 30 kDa and the 23 kDa subunits of the mitochon- 
drial Complex I display similarities with ten open read- 
ing frames (m/hA-J) identified in the genomes of chloro- 
plast and blue algae [!6,!?,!9,22-25]: These observa- 
tions have led to the proposal that the putative chloro- 
plast proteins encoded by these ndh genes are subunits 
of a NADH- or NADPH-plastoquinone reductase 
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Fig. 2. Compiled scqucncc of the charactcriscd DNA fragment alrd of hs potcntiul gcnc products. The DNA sequence of the I.S5 kb fragment 
was searched on both stands for open reading frames longer than 100 buses with codon us;~gc bins churactcrislic of Rhodospirillacclc 1171. Three 
open reading frames wcrc idcntificd. The protein srqucncc of their encoded products is given under the DNA suqucncc. The potential ribosome 
binding site associated with each open rcuding frumc is undcrlincd [18]. 
wus 23 kb S...H...L.N.....N..D,......A..~.~.. 
uwrlacc rui-f a.~.n..N.mLh.BaI~~~~~~ 
Fig. 3. Alignment of the protein sequences ofthc bacterial NDH-I with 
the mitochondrial 23 kDa subunit and chloroplast NDH-I proteins. 
The protein scqucncc of the NDH-I protein of R. cup.wkms was 
uligncd with the protein scqucnccs of the 23 kDa subunit from bovine 
mitochandria 1161 and the NDH-I protein from liverwort chloroplast 
[l9]. The dots represent conserved residues. This rcprcscntation was 
chosen to highlight he high degree of conservation between the mito- 
chondrial and bacterial proteins. The boxed sequences correspond to 
the potential sites of ins&on of iron-sulfur clusters. 
closely related to the mitochondrial Complex I [23]. In 
the chloroplast gcnomc, clustering of rtdll genes seems 
reminiscent of an ancestral bacterial operon. In this 
regard the association of rtdhA and n&l genes in the 
genomz of R. cupsukurus parallels the organisation of 
the chloroplast genome. Cloning of the regions flanking 
the rtdhl and nditA genes of R. cqwlcms is under pro- 
gress. It will allow us to see if the similitude of organisa- 
tion extends to the other rtdh genes. 
Extensive xperimental evidence points to the similar- 
ity between the mitochondrial Complex I and the Type 
I NADH:CoQ oxidoreductase of R. cupsrrlurus (re- 
viewed in [7]). However, due to its lability, this enzyme 
has not been isolated yet and little is known of its molec- 
ular characteristics. The present study marks a decisive 
step in the molecular charactcrisation of the Type I 
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Human mitochondrial ND1 
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Fig. 4. Alignment of ihe protein sequences orthe bacteria1 NDH-A whh the mitochondrial NDI subunit and the chloroplast NDH-A protein. The 
protein sequence of the NDH-A protein of R. cu&afus was aligned with the protein sequences orthe ND1 subunits from human mitochondria 
[20] and the NDH.A protein from liverwon chloroplast [l9]. The dots represent conserved residues. 
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NADH:CoQ oxidoreductase OF a. capsularus. It will 
allow the use of the powerful genetic tools developed in 
R. capsulurus for the study of this essential yet poorly 
understood enzyme. 
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